In recent years there have been demands for small, simple, low-power electron sources for applications such as miniature electric propulsion systems, electrodynamic tethers, scientific applications, and spacecraft charge control. To satisfy these demands, we have started the research and development of carbon nanotube (CNT) cathodes. A laboratory model of a 0.5 mA-class CNT cathode was designed, fabricated, and tested. The emitter-to-gate separation distance and slit aperture width were varied to find effective configurations. In the selected geometrical conditions, the desired emission current of 0.5 mA was obtained at an applied voltage of approximately 600 V and with a drain current less than 10% of the emission current.
Introduction
Various electron sources have been used in space for electric propulsion, scientific applications such as plasma measurement in low earth orbit, and spacecraft charge control. The most popular electron source is the thermionic cathode which emits electrons by thermionic emission from a heated element. The thermionic cathode features simplicity and robustness; however, its power consumption and thermal load are disadvantageous points. A hollow cathode, which is especially popular in electric propulsion, is a thermionic cathode that can emit a much higher electron current by using working gases. It has the capability of high current emission and a long life time, but requires a relatively complex support system due to the working gas requirement. In recent years, there have been demands for small, low-power electron sources for which conventional cathodes such as thermionic and hollow cathodes might not be suitable.
There is an ongoing trend toward miniaturization of spacecraft without sacrificing functionality. Small propulsion systems, for example, are required to realize propulsive small satellites, and electric propulsion is suitable in this application because of its low thrust, high specific impulse, and thrust controllability. Some types of small electric propulsion system, such as miniaturized ion engines and colloid thrusters, require small low-power electron sources.
Electrodynamic tether (EDT) 1, 2) is another application for small electron sources. Since EDT systems are expected to be simple and low power, their electron sources should be simple, small, lightweight, and low power.
Other applications that require small electron sources are the relaxation or control of spacecraft electrical charge to avoid arcing problems, and scientific measurements of gaseous or plasma conditions on orbit using high-energy electron guns.
In response to these demands, we have started to research and develop carbon nanotube (CNT) cathodes 3, 4) . A CNT cathode is a type of field emission cathode which needs neither heater power nor consumables but just a high electric field on the emitter surface. CNTs are used as the emitter material, and highly-efficient electron emission is available because of the nano-scale tube diameters and dense tube arrangement.
Research and development of CNT cathodes for space applications have become prosperous in this decade because the CNT cathodes posses well-balanced performance in electron extraction capabilities, simplicity, robustness and lifetime compared with other field emission cathodes. Some Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010)
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CNT cathodes have been developed and its prospective capabilities have been demonstrated 5, 6) , however, further performance improvement would be required especially in electron-extraction efficiency. In this study, a 0.5-mA-class CNT cathode was newly developed and parametric experiments were conducted to obtain appropriate operating conditions for satisfying the demand for the performance improvement.
Carbon Nanotube (CNT) Cathodes
A CNT cathode is a type of field emission cathode. Figure 1 shows a conceptual diagram of the CNT cathode. In this device, electrons are extracted from tips of carbon nanotubes simply by applying a strong electric field. The relationship between the emission current and the applied voltage is described by the Fowler-Nordheim (F-N) equation:
Here, F is the electric field on an emitter tip (the tip of a nanotube in this case) and is expressed using a field enhancement factor as F = E. In the CNT cathode, very high values of , up to several thousands, can be obtained because of the nano-scale tube diameters. In practical CNT cathodes, however, is difficult to estimate because the nanotubes distribute randomly as shown in Fig. 1 , and estimating the work function of CNTs is also hard. 
Test Apparatus and Procedures

Laboratory model of CNT cathode
A schematic drawing and photograph of our laboratory-model CNT cathode are shown in Figs. 2 and 3, respectively. The cathode mainly consists of a CNT emitter, a mask electrode, a gate electrode, an alumina body, and a shield case. The footprint and mass of the cathode are 20 x 20 mm and 24 g, respectively. The mask and gate electrodes possess slit apertures for electron extraction and were fabricated by photo-etching. The diameter of the CNT emitter is 4 mm and a single emitter specimen was used for all the evaluation experiments described below. Figure 4 shows a scanning electron microscope (SEM) image of the CNT emitter surface. The fluffy nanotubes are complexly intertwined and many tube tips are distributed randomly. These nanotubes are multi-walled nanotubes made by a unique arc discharge process developed by JFE Engineering Corporation. The diameter of nanotubes mainly distributes around 10 nm and the thickness of the CNT layer is approximately 50 m. In our former studies, two types of CNTs were tested and compared 3) : one made by arc discharge (arc-CNTs) and the other made by CVD processes (CVD-CNTs). The results indicated that the emission current density and durability of arc-CNTs are superior to those of CVD-CNTs, and so arc-CNTs were selected for our cathode.
Our group has also attempted to estimate the durability of CNT cathodes 7, 8) . Experiments have shown CNTs to be highly tolerable to inert ion bombardment, but on the other hand they have so far shown a non-negligible performance degradation due to oxygen absorption or bombardment in a simulated low-earth-orbit environment. Our experiments also indicate, however, that an acceptable level of performance degradation may be achieved by selecting appropriate current densities and operating voltages 7) . The electrode geometry of the laboratory model cathode is shown in Fig. 5 shape of the gate and mask electrodes were used in all experiments, and the emitter-gate separation distance and slit width were varied to determine the effect on cathode performance. The effect of the mask electrode on electrical potential contours and electron trajectories is illustrated in Fig. 6 . In practical CNT cathodes for space use, current loss to the gate electrode should be low enough to avoid excessive power consumption and thermal load. As shown in Fig. 6 , the mask electrode not only covers unnecessary emitter areas but also distorts the electric field and makes the electron trajectories converge. This dramatically reduces current losses to the gate electrode 4) . 
Cathode operation
The electrical circuit used for cathode operation tests is shown in Fig. 7 . The CNT emitter was negatively biased and both the gate and anode were grounded. The separation distance between the gate and anode was approximately 70 mm. 5 k shunt resistances were used for current measurement.
The cathode was operated in a rectangular vacuum chamber with a characteristic length of 0.7 m. A turbo molecular pump was used to maintain high vacuum conditions and pressure was kept almost constant at 1 x 10 -4 Pa during cathode operation. Fig. 7 . Electrical circuit for cathode operation.
Results and Discussion
The current-voltage characteristics of the laboratory model CNT cathode were obtained at several electrode settings to determine appropriate geometrical parameters.
Separation distance between electrodes
The emitter-gate separation distance was varied between 0.12 and 0.30 mm and the current-voltage characteristics were obtained as shown in Fig. 8 . The slit width was 0.40 mm. Figure 8 shows that the cathode operated stably at l e-g values of 0.16, 0.20, and 0.30 mm. In these three cases, neither high-voltage breakdown nor short circuits were observed. In the l e-g = 0.12 mm case, the emitter voltage could not be applied due to a short circuit between the mask and gate. Since a lower emitter voltage is desirable to reduce power consumption and avoid problems associated with high voltages, a separation distance of 0.16 mm was selected to be used hereafter. The loss current to the gate electrode in this case was relatively high compared with the other two cases, but this difference was not attributable to the separation distance but was due to misalignment in assembly as described later. 
Width of slit apertures
Two slit widths, 0.30 and 0.40 mm, were tested. The mask and gate electrodes had the same slit shape in all experiments as shown in Fig. 5 . Figure 9 shows the current-voltage characteristics for both cases, and indicates that the narrower slit requires a higher voltage to extract an equivalent electron current. This is because the narrow slit of the mask prevents the electric field from penetrating to the emitter surface. From this result we infer that a slit width of 0.40 mm would be better, and ideally an even wider slit would be desirable. However, the maximum width achievable is limited by the accuracy of the photo-etching process and the stiffness of the material. 
I-V characteristics in selected configurations
The current-voltage characteristics using the selected geometries (0.16 mm emitter-gate separation distance, 0.4 mm slit width) were obtained for three successive periods of operation as shown in Fig. 10 . Electron emission currents of approximately 0.5 mA were detected by applying negative 600 V to the CNT emitter. Neither short circuits nor high-voltage breakdowns between electrodes were observed during the short-duration operation. Less than 10% of the emission currents were detected as drain currents to the gate electrode. These measurable gate currents would only arise from misalignment of the electrodes, microscopic unevenness of the electrode surface or the CNT emitters, and/or current reflection to the gate from downstream, because electron trajectory calculations show that no electrons impinge on the gate electrode (see Fig. 6 ). Figure 11 shows so-called "Fowler-Nordheim (F-N) plots" of field emission cathodes using the current-voltage characteristics shown in Fig. 10 . According to the F-N equation described in Eq. (1), the relationship between ln(J e /V e 2 ) and 1/V e should be linear with ideal field emission. The high linearity of the F-N plots in Fig. 11 is a good indication that the emission currents detected in our experiments are result of field emission. 
Variability of characteristics
One problem to be resolved with our cathode is its performance variability. Figure 12 shows the current-voltage characteristics of the cathode measured during three different periods of operation. The same electrode configuration and CNT emitter were used for all three periods, and the cathode was disassembled and reassembled between operations. The interval between operations A and B was 4 days and that between B and C was 40 days.
The characteristics measured in the three operating periods differ considerably as shown in Fig. 12 . Comparing A and B, for example, the emitter voltage during period A was much higher than in B and the loss current was approximately twice as great. These differences might be caused by the difficulty of assembling the cathode accurately and consistently. We suppose that the emitter vertical position (see Figs. 2 and 5) in period A was a little lower than intended and the slit apertures of the mask and gate were not aligned well. Comparing periods B and C, on the other hand, the levels of voltages and drain currents are comparable but the emission current curves differ. While the emission current rises rapidly in operation B, the rise in operation C is a little gentler. The reason for this difference might be changes in the condition of the CNT due to gas absorption during the 40 days of storage. These results indicate that more sophisticated assembly and storage techniques will be required to achieve consistent cathode performance. 
Future Work
There remain some issues to be tested before CNT cathodes can be used for practical applications. One of these is a cathode operation test in practical electric potential conditions. Although the above experiments were conducted in the gate-grounded condition for simplicity, the emitter potential should not be very low in on orbit operation because that would lead to a considerable increase in power consumption. In electrodynamic tether systems, for example, the electric potentials of cathode components are expected to be more complex as shown in Fig. 13 . We suppose that the potentials of the CNT emitter and spacecraft body would be about 100 V negative to the ambient plasma and the potential of the gate would be about 600 V positive to the plasma in a typical case. In such conditions, current limitation by space charge, which is determined by sheath depth, should be considered, and therefore, operation tests in a simulated environment are needed.
Other subjects to be studied in near future are better assembly techniques as described above, estimation of the cathode's durability for each potential application, verification of its mechanical strength, and investigation of operation as a neutralizer in an ion engine. 
Conclusion
A laboratory model of a 0.5 mA-class carbon nanotube cathode was designed, fabricated, and tested. The emitter-to-gate separation distance and slit aperture width were varied to find an appropriate configuration. In the selected configuration, the desired emission current of 0.5 mA was obtained with an applied voltage of approximately 600 V and a drain current of less than 10% of the emission current. This result indicates that our CNT cathode can be operated with higher electron-electron-efficiency compared with conventional CNT cathodes. Operation in practical electrical potential conditions, more consistent and accurate assembly, and estimates of the cathode's durability in potential applications remain as future works.
